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Abstract 
Transient gene expression in plant protoplasts has been widely utilized for rapid 
functional screening of promoters. This project describes a novel soybean cell 
suspension culture and protoplast system for rapid and predictive analysis of promoter 
activity. Since recovery of transgenic lines is low in soybean stable transformation, high-
throughput studies of promoter activity have intrinsic limitations. First, I describe a novel 
cell suspension culture system from leaf-derived callus. Once the cell culture is 
established, it is easy to maintain, sterile, and produces fast-growing cells amenable for 
protoplast production. Second, I describe an efficient and simple protoplast preparation 
procedure. The results revealed that, the highest yield was 2.82 ± 0.94×108 
protoplasts/g fresh weight with high viability (77.73% ± 7.83%) using 4-d-old cells. Third, 
protoplast transformation efficiency was optimized with 20 min PEG incubation, which 
resulted in a transformation frequency of 30.65% ± 2.70%. These transfected 
protoplasts could be assessed for reporter gene activity 48 hr post-transfection. Finally, 
to determine whether the system had predictive value with regards to promoter activity 
in soybean tissues, six well-characterized soybean promoters were used to direct the 
expression of a green fluorescent (GFP) gene among protoplasts derived from cell 
cultures, leaves, stems, and immature cotyledons. From the results, all promoters 
displayed similar expression profiles in four different tissues derived protoplasts with 
correlation coefficient for leaf and cell culture is 0.99, for stem and cell culture is 0.96 
and for immature cotyledon and cell culture is 0.96. Cell culture derived protoplasts 
expression were also compared with transcript abundance data of endogenous tissues 
using qRT-PCR assays. Overall, a reliable and renewable cell culture was developed 
 v 
 
with consistent results, which can provide convenient alternative to leaf tissue as well as 
other soybean tissues, which would be necessary in high throughput automated 
screens.  
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Chapter 1 
Introduction 
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Background 
Soybean (Glycine max (L.) Merrill) is one of the major legume crops in the Fabaceae, 
and is considered a high protein food and feed crop (Homrich et al. 2012). Soybean is 
processed for edible oil, soy milk, soy sauce, tofu and other food products. For animal 
feed, soybean meal is considered to be a good source of protein for livestock and fish 
(Hartman et al. 2016). Soybean is also a valuable crop worldwide for production of 
biodiesel. Therefore, soybean is an important crop to develop functional genetic screens 
that can be used in subsequent crop improvement. The availability of a reference 
soybean genome facilitates study of a wide range of gene promoters, which can provide 
precise control over gene expression. Soybean is the leading cultivated transgenic crop 
in the world with regards to area planted (James 2015). As a leading crop, much efforts 
are aimed at developing improved transgenic and gene-edited germplasm. In 
increasingly complex transgenic applications, there is a need for a variety of promoters.  
Promoter discovery and characterization 
Generally, two methods are used to stably integrate DNA into the plant: i) 
Agrobacterium-mediated transformation and ii) particle bombardment. Although several 
resistant genotypes; herbicide resistant (Padgette et al. 1995), insect resistant (Stewart 
et al.1996), and nematode resistant (Lin et al. 2016), have been developed using these 
two methods, stable transformation of soybean suffers from genotype-dependency and 
low efficiency (Homrich et al. 2012). In addition, recovering transgenic plantlets takes at 
least five months from initiation of tissue cultures (Santarem and Finer 1999). Finally, a 
high frequency of false positive plants have been reported from stable transformation 
experiments (Wei and Xu 1988, Zhang et al. 1999).  
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The screening of candidate promoters are usually done by fusing a reporter gene 
with a promoter and by characterizing the reporter gene expression in various 
transgenic tissues. Foreign DNA transfer, transgenic plant development, and 
subsequent characterization is extremely laborious and slow using stable 
transformation. Heretofore, very few promoters have been characterized in soybean 
(Thirkettle-Watts et al. 2003, Chiera et al. 2007, Hernandez-Garcia et al. 2009). Thus, 
alternative methods are needed to detect positively transformed cells prior to stable 
transformation. While transient expression in model plants such as Nicotiana 
benthamiana (Chai et al. 2013), Arabidopsis thaliana, (Thirkettle-Watts et al. 2003) and 
Nicotiana tabacum (Park et al. 2009) have been performed owing to their ease of 
transformation, these species are relatively poor proxies to estimate promoter activity in 
soybean. Functional characterization in native tissues is more relevant. Although there 
is no absolute substitution for stable transformation, soybean transient expression 
assays may be a useful tool in an early screening stage.  
Transient transformation assays 
Although transient transformation via Agrobacterium infiltration is widely and efficiently 
used in tobacco leaves, this method is not very successful in soybean (King et al. 2015). 
During agroinfiltration, Agrobacterium suspension passes through the stomata to leaf air 
spaces within leaves. It has been reported that of soybean leaf structure prevents 
Agrobacterium from being infiltrated into leaves through the stomata (Manavella and 
Chan 2009). Several transient transformation methods have been developed for 
numerous plant species, for screening putative regulatory elements. Some of these 
assays provide data within 24 hours (Chiera et al. 2007). Transient expression utilizing 
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protoplast systems have widely used in maize (Chen et al. 2015) for signal transduction 
pathways and an Arabidopsis (Yoo et al. 2007), Populus euphratica (Guo et al. 2015), 
sweet cherry (Yao et al. 2016) and grape (Wang et al. 2015) for rapid gene expression 
and protein subcellular localization. Therefore, soybean protoplast transient expression 
could be an alternative method for rapid promoter screening that complements stable 
transformation. 
Protoplast-based expression 
The first plant protoplasts were isolated by Cocking (1960) using a concentrated 
sucrose solution that plasmolyzed cells and released protoplasts. Protoplast 
transformation is typically performed by two alternative methods; those using (i) 
electroporation (Fromm et al. 1985) and (ii) polyethylene glycol (PEG) (Negrutiu et al. 
1987). PEG-mediated protoplast transformation relies on the ability of PEG to bind DNA 
and transfer it into cells, and the DNA eventually is transfected into the nucleus of 
protoplasts (Negrutiu et al. 1987). PEG-mediated transformation is a common method 
to transiently express plasmid DNA into protoplasts (Cao et al. 2014; Guo et al. 2015).  
Despite the above advantages of protoplast transient systems, it is often 
prohibitive because it is labor-intensive and the high cost for cell-wall degrading 
enzymes. In addition, a large quantity of DNA is needed as are a reliable source of 
amenable tissue sources for protoplasting. Previously, it has been demonstrated that 
the soybean mesophyll tissues requires expensive lab grade enzymes for digestion of 
cell walls to free protoplasts (Sun et al. 2015). In addition, protoplast yield and quality 
extensively depend on plant growth conditions and length of digestion time (Wu and 
Hanzawa 2018). One cost-saving innovation is the protoplast production from 
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inexpensive food-grade digestion enzymes for copious protoplast production for 
research (Buntru et al. 2014; Burris et al. 2016).  
The goal of the research presented in this thesis was to develop an efficient 
protoplast-based transient expression method that can be used to characterize the 
activity of promoters in soybean. There were two objectives for the research: 1) Isolate 
and transform protoplasts from leaves, leaf-derived cell suspension cultures, stems and 
immature cotyledons. The promoters chosen for the screen development will be 
comprised of known soybean promoters. A quantitative fluorescent protein reporter 
output will be used to estimate activities. 2) Compare the experimental promoter 
activities in protoplasts with qRT-PCR transcription for the respective endogenous 
soybean genes in various tissues.  
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Development and validation of a novel soybean (Glycine max (L.) 
Merr.) cell suspension culture for high-throughput promoter 
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Abstract 
Transient reporter gene assays can be a valuable tool to rapidly measure expression of 
heterologous promoters. The challenge for maximizing the value of such screens is to 
combine relevant cells or tissues with methods that can be scaled for high throughput 
screening, especially for crop- rather than model species. We describe herein a novel 
leaf-derived soybean cell suspension culture (LDSC) that is amenable for a low-cost 
method for protoplast isolation, which was used for screening endogenous promoters. 
LDSC-derived protoplasts were validated against known promoter expression profiles 
from tissue-derived protoplasts (leaves, stems and immature cotyledons). LDSCs can 
reliably produce 2.82 ± 0.94×108 protoplasts/g fresh culture mass with a transfection 
efficiency of 30.65 ± 2.70% at 48 hours after transfection. Transfected LDSC-derived 
protoplasts harboring promoter-reporter gene DNA expression levels were similar to 
 12 
 
that of leaf- and stem-derived protoplasts (correlation coefficient of 0.99 and 0.96, 
respectively) harboring the same constructs. LDSC expression was also highly 
correlated to endogenous promoter-gene expression in leaf tissues as measured by 
qRT-PCR (0.94). In summary, a reliable leaf-derived soybean cell suspension culture 
was developed that enables low-cost, facile protoplast isolation and transformation, a 
necessary requirement for automation of heterologous promoter screening for soybean 
biotechnology.  
Keywords: Soybean, leaf-derived cell culture, protoplasts, transient expression, 
promoter screens 
Key message: 
A novel soybean cell culture was developed, establishing a reliable and rapid promoter 
assay to enable high-throughput automated screening in soybean cells relevant to 
shoots in whole plants.  
Introduction 
Soybean is an important oilseed crop that is grown for food, animal feed, biofuel, and 
other industrial uses. In terms of worldwide cultivation of genetically engineered 
varieties, soybean occupies higher land area than any other crop species. Since 
soybean transformation is highly genotype dependent, much effort has been expended 
to enable reverse genetic studies in the species; however this limitation has delayed 
progress in the development of transgenics relative to other crops (Pereira 2000). 
Several methods have been developed for introduction of transgenes into immature 
soybean embryos and mature seeds using either Agrobacterium tumefaciens or 
 13 
 
biolistics (McCabe et al. 1988, Parrott et al. 1989, Stewart et al. 1996, Trick and Finer 
1998, Paz et al. 2006, Wang and Xu 2008).  
Given the time and effort required for stable soybean transformation, other easy-
to-transform dicot species such as Nicotiana benthamiana (Chai et al. 2013), 
Arabidopsis (Thirkettle-Watts et al. 2003) and Nicotiana tabacum (Park et al. 2009) 
have been employed as proxies to estimate transgene expression and utility in 
soybean. While these proxies are not considered very relevant, hairy root production via 
Agrobacterium rhizogenes is routinely performed in functional genomics studies of 
soybean, although this method is labor intensive and only relevant to root traits 
(Hernandez-Garcia et al. 2010).  
Soybean genomics, biotechnology and synthetic biology would benefit from the 
development of a facile system for high throughput analysis of genetic elements; both 
endogenous and synthetic. Plant protoplasts have long been considered as species-
relevant proxies for screening of DNA sequence function relative to cell wall synthesis, 
gene expression, and signal transduction (Kao et al. 1970, Gallie et al. 1989, Sheen 
2001, Nakashima et al. 2014). In some cases protoplast data may be relevant to their 
donor organs and tissues under various environmental constraints; these require 
empirical testing to validate tissue specific function of regulatory elements including 
promoters, enhancers and transcription factors (Faraco et al. 2011).  
The need for promoters, both endogenous and synthetic, in crop biotechnology is 
widespread, given the desire to precisely control the spatiotemporal expression of 
transgenes in crops (Liu and Stewart 2016). Protoplasts also are the most amenable 
plant cells for single-cell high throughput studies, as demonstrated in a recent study 
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(Dlugosz et al. 2016). Traditionally, one practical problem for large-scale protoplast 
production is the cost of cell wall degrading enzymes. However, low-cost, food-grade 
enzymes have recently proven effective in the production of transformable plant 
protoplasts from various tissue and species (Buntru et al. 2014, Burris et al. 2016). 
The goal of our present study was to develop a protoplast-based system for 
soybean that would be amenable for adaption to automated screening studies. The 
objectives were: 1) develop a renewable and reliable source of cells that could be used 
for facile protoplast isolation; 2) perform reporter gene assays using a suite of known 
soybean promoters in protoplasts; and 3) perform comparative analyses to determine 
the relevance of promoter activity from protoplasts to that of endogenous tissues.  
Materials and methods 
Isolation and cloning of promoters into the screening vector 
Genomic DNA extraction and PCR amplification of soybean promoters 
The following six soybean promoters were selected for testing the protoplast system 
based on prior characterization: ubiquitin (Hernandez-Garcia et al. 2009), actin (Zhang 
and Finer 2015), heat-shock protein 90 (Zhang and Finer 2015), ribosomal protein 
(Zhang and Finer 2015), tubulin (Gunadi et al. 2016) and GAL (α-galactosidase) 
(Conforte et al. 2017).‘Williams 82’ genomic DNA was extracted using a routine method 
from 2-week-old leaves (Stewart and Via 1993). Primers for amplifying promoter DNA 
(Supplementary Table S1) were designed in Snapgene from the soybean genome 
(Phytozome database v12.1). Restriction sites were incorporated in the forward (EcoRI 
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or AbsI or PacI) and reverse (NcoI) primers for directional cloning (Supplementary Table 
S2).  
Dual fluorescence promoter screening vector construction 
A dual-fluorescent protein gene (TagRFP and mEmerald) promoter screening vector, 
pMTV, was specifically designed for this study and synthesized by GeneArt 
(Regensburg, Germany). This vector contains dual plant selection, Nos:Bar for dicots 
and PvUbi1+3:Hygromycin for monocots, and UASrpg insulators in between each 
cassette to prevent cross-talk between promoters. In addition, pMTV contains right and 
left borders to enable Agrobacterium-mediated insertion into the genome. For this study, 
the reference promoter screening cassette was 35S::TagRFP orange fluorescent 
protein (OFP), while the test promoter screening cassette was __::mEmerald green 
fluorescent protein (GFP) reporter gene (Fig. 1). This design enabled green-to-red 
fluorescence ratios to be calculated for each of the test promoters to gauge promoter 
strength relative to 35S. To clone in the test promoters, a PCR amplicon for each 
promoter was purified using a DNA Clean & Concentrator kit (Zymo Research, Irvine, 
Calif., U.S.A.) according to the manufacturer’s protocol, then ligated immediately 
upstream of the GFP gene using the appropriate restriction enzymes (EcoRI and NcoI 
or AbsI and NcoI or PacI and NcoI) (Fig. 1A). A 35S::GFP was used as a positive 
control (Fig. 1B) and a promoter-less construct was used as the negative control (Fig. 
1C) for each transformation experiment. After cloning, the PCR amplicons from the 
complete test cassettes were sequence verified. For subsequent protoplast 
transformation experiments, plasmid DNA was isolated using ZymoPURE™ Plasmid 
Maxiprep kit (Zymo Research).  
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Initiation of callus from leaf tissue and cell suspension cultures 
Mature ‘Williams 82’ soybean seeds collected from greenhouse-grown plants were 
washed with 70% ethanol for 2 min and blotted dry with filter paper. Next, the seeds 
were surface-sterilized in a desiccator for 12 h with chlorine gas (100 mL sodium 
hypochlorite (100% Clorox, commercial bleach) + 3.5 mL 12 N sodium chloride) (Paz et 
al. 2006). Sterile seeds were placed in Magenta GA-7 vessels containing germination 
media: Murashige and Skoog (MS) basal salts, 2% sucrose, 0.3% phytagel, pH 5.8 and 
placed in growth chamber under 16 h day/8 h night cycle at 24⁰ C temperature for 3 wk 
(Paz et al. 2006). Twenty-day-old plants were used to excise expanded leaves that 
were subsequently sliced into 0.5 cm-long pieces. The leaf pieces were placed with 
adaxial-side down in medium for callus induction using the following media: MS basal 
salts, 3% sucrose, 150 mg/L casein hydrolysate, 0.8% agar supplemented with 12 µM 
2,4-dichlorophenoxyacetic acid, pH 5.7 (Joyner et al. 2010). In the initial stage, cultures 
were kept at 24⁰ C under white light and 16 h day/8 h night photoperiod for callus 
initiation. After 3 wk of culture, callus was excised from the leaf pieces and plated on 
fresh callus induction media for proliferation. Throughout the study, callus was 
maintained in an incubator at 25⁰ C in the dark. Calli were sub-cultured every 3 wk to 
fresh medium.  
Cell suspension cultures (Fig. 2) were initiated from 1-g callus. Callus was 
transferred to 50 mL liquid media containing MS basal salts, 3% sucrose, 0.92 µM 2,4-
dichlorophenoxyacetic acid, pH 5.6. The 50 mL cultures were maintained in 250-mL 
Pyrex® baffled Erlenmeyer flask and incubated at 28⁰ C in the dark on a rotary shaker 
(Excella E24 Incubator Shaker Series, New Brunswick Scientific, NJ, USA) at 80 rpm. 
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To obtain homogenous cell suspension cultures, the supernatant was removed every 
wk from the flasks after they had settled and were added to 40 mL of fresh media. This 
procedure was continued up to 5 wk. Finally, the cell suspension cultures were filtered 
through a nylon mesh (100 µM) filter to remove large cell clusters. From the filtrate 
solution, 5 mL of fine cell suspension cultures was subcultured into 45 mL of fresh MS 
media for subsequent perpetuate with once a wk sub-culturing. 
Growth dynamics of cell cultures 
The growth of cell cultures was assessed using two parameters: density of cells (OD600) 
and measurement of fresh weight. In order to determine cell density, turbidity was 
recorded using a microplate reader (Synergy HT, BioTek Instruments, Winooski, VT) at 
an optical density at 600 nm. After vigorous mixing, 200 µl of cultures was transferred in 
a 96-well plate for measuring. Finally, for the measurement of fresh weight, cells were 
harvested using bottle-top filters under constant vacuum pressure. Cell weight was 
determined by subtracting the weight of wet filter paper from the weight of filter paper 
plus cells. Data were taken during a time course of 10 days to estimate growth 
characteristics. Three biological replicates were used to measure density and fresh 
weight of cells.  
Protoplast isolation from cell cultures, stems, leaves and immature cotyledons 
From cell cultures 
Protoplast isolation and optimization from the cell suspension cultures was conducted 
as previously described for switchgrass (Burris et al. 2016) with several modifications. In 
this study, 3 different ages of cultures: 3, 4 and 5 d after subculturing were used for 
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isolating protoplasts. Initially, 50 mL cultures were transferred in a 50 mL Falcon tube, 
allowed to settle for 1-h and the supernatant removed. Then 20 mL of fresh buffer 
solution (0.6 M mannitol, 10 mM 2- (N-morphilino) ethanesulfonic acid (MES); pH 5.7, 1 
mM CaCl2, 20 mM KCl, 0.1% bovine serine albumin (BSA) and 5 mM 2-
mercaptoethanol) containing the food-grade enzymes (Rohament CL 7920 ECU, 
Rohapect 10L 5040 ADJU, and Rohapect UF 0.039 ADJU) (AB Enzymes, Darmstadt, 
Germany) was mixed with the 50 mL Falcon tubes containing 5 mL of PCV. The tube 
was then immediately placed horizontally in a shaking incubator at 28⁰ C and 90 rpm in 
the dark for 1.5 h.  
After incubation, the solution was filtered through a 40 µm nylon mesh to remove 
large tissue fragments and centrifuged at 100 × G for 3 min. The supernatant was 
removed, and the pellet resuspended with 5 ml washing solution (0.6 M mannitol, 4 mM 
MES; pH 5.7, 20 mM KCl). Total protoplast yield was quantified using a hemocytometer 
for 5 mL PCV. In order to separate debris, broken and intact protoplasts, 5 mL of 23% 
sucrose solution was carefully added into the bottom of the tube and centrifuged at 100 
× G for 3 min. After centrifugation, intact protoplasts were found at the interface of the 
solution and a cut pipette tip was used to carefully transfer the layer into new Falcon 
tubes. Protoplasts were then centrifuged at the same conditions to obtain a pellet, which 
was resuspended in W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES; 
pH 5.7). Protoplasts were observed under a microscope and quantified again using 
hemocytometer to determine the concentration of intact protoplasts. The resuspended 
solution was stored immediately after counting on ice prior to the transfection. Six 
biological replicates were performed to quantify the yield of protoplasts. 
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From stems and immature cotyledons 
Isolation of protoplasts from stems and immature cotyledons followed the same 
digestion procedure, enzymes, and buffers as cell suspension cultures. For stems, 
plants were grown in an environmental growth chamber with 16/8 h photoperiod at 25⁰ 
C. Stems were harvested from 10-13-d-old plants. After collecting stems, the true leaf 
and cotyledons were removed, and the stems were sliced into 0.1 cm thick pieces and 
approximately 1-g cut tissue immersed immediately into enzyme solutions to prevent 
desiccation. Vacuum was applied for 30 min to increase solution contact with tissue 
surfaces.  
For immature cotyledons, plants were grown in a greenhouse under 16/8 h 
photoperiod at 26⁰C. Pods were harvested 30 d after flowering. Immature cotyledons 
were collected after cross-sectioning of pods and sliced into 0.1 cm thick pieces. 
Approximately 1-g sliced tissue was then transferred into enzyme solution without 
vacuum infiltration. Stem and immature cotyledons were incubated with shaking at 30 
rpm for 2 h at RT, followed by a wash procedure similar to that of the cell suspension 
cultures. Six biological replicates were performed to quantify the yield of protoplasts 
from stems and immature cotyledons. 
From leaf mesophyll tissue 
Leaf protoplast isolation followed a previous protocol from Sun et al. (2015) with several 
modifications. First, the protoplast isolation buffer used was the same as cell 
suspension cultures. For leaf tissue harvesting, plants were grown in a growth chamber 
under 16/8 h photoperiod at 25⁰ C for 7-10 d then plants were removed from growth 
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chamber and incubated under dark conditions at RT for another 7 d. The dark-treated 
leaves were harvested, sliced into 5 mm strips and immediately transferred into a petri 
dish containing buffer solution. Leaf strips were vacuum infiltrated for 30 min then 
incubated at RT with gentle shaking at 30 rpm for 4-5 h. Both vacuum infiltration and 
incubation were performed in the dark. Following incubation, the petri dish was gently 
rotated manually for 10-15 min. During rotation, the buffer solution became green, 
indicating the release of protoplasts. The protoplast containing solution was then filtered 
through a 40 µm nylon mesh and washed as described previously. Six biological 
replicates were performed to quantify the yield of protoplasts. 
Protoplast viability assay 
Viability was determined by an Evans blue staining method (Mazarei et al. 2008). Evans 
blue dye (Sigma, St. Louis, Mo., U.S.A.) was mixed with MMG solution (0.4 M mannitol, 
15 mM MgCl2 and 4 mM MES pH 5.7) and added to the protoplasts to obtain a final 
concentration of 0.04%. After incubation at RT for 10 min, the number of viable 
protoplasts was determined using a hemocytometer. Viable protoplasts remained 
unstained from the blue dye while dead protoplasts were stained blue. The percent 
viability was calculated by dividing the number of live cells by the total number of cells 
counted. Six biological replicates were performed for measuring protoplast viability.  
PEG-mediated protoplast transfection 
Protoplasts were allowed to settle in the Falcon tube during 1-h incubation on ice. Then 
the supernatant was removed, and the pellet was resuspended at a concentration of 1 
×105 mL-1 using MMG solution. During transfection, plasmid DNA (10 µg) was placed 
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into each 14-mL Falcon Round-Bottom Polystyrene tubes followed by 200 µl protoplast 
solution. Protoplasts and DNA were gently mixed with an equal volume of freshly 
prepared 40% PEG solution (4 g of PEG 4000, 3 mL of H2O, 2.5 mL of 0.8M D-mannitol 
and 1 mL of 1M CaCl2). After gently shaking the transformation mixture by hand, it was 
incubated at RT for 10, 15 and 20 min. During incubation, the solution was gently mixed 
every 5 min to prevent settling of protoplasts. After incubation, 1 mL W5 solution was 
added to terminate the reaction followed by centrifugation at 100 x g for 3 min. The 
supernatant was then discarded and 200 µl WI solution was added (0.6 M of mannitol, 
4 mM of KCl, 4 mM of MES, pH 5.7). After gentle mixing, the solution was transferred to 
a 96-well plate and incubated overnight at RT. Six biological replicates were performed 
for protoplast transformation from each source (leaf, stem, immature cotyledon and cell 
culture).  
Transient expression analysis 
Transient TagRFP and mEmerald expression were quantitatively measured using a 
fluorescence microplate reader (Synergy; Bio Tek Instruments, Inc. Winooski, Vt., 
U.S.A.). The microplate software Gen5 was set for a fluorescence assay with OFP 
excitation/emission at 555/584 nm and GFP excitation/emission at 487/515 nm. To 
detect optimum signal from the wells, the gain was adjusted to minimize plate 
autofluorescence. The protoplast fluorescence intensity was measured after 48 h of 
transfection. 
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qRT-PCR assay for transcript abundance 
Total RNA was extracted from leaves (15-d-old), stem (13-d-old), immature cotyledon 
(30-d after flowering) and cell cultures (4-d-old) using TRIzol™ Reagent (Molecular 
Research Center, Cincinnati, Ohio, U.S.A.) according to the manufacturer’s protocol. To 
remove genomic DNA contamination, RNA was treated with amplification grade DNase 
I (Invitrogen™, Carlsbad, Calif., U.S.A.). After DNase treatment, total RNA was column 
purified with the RNA Clean & Concentrator™ kit (Zymo Reasearch), then total RNA 
was quantified and approximately 1-µg was used to synthesize cDNA using 
SuperScript™ III First-Strand Synthesis System (Invitrogen) following manufacturer’s 
instructions. Three biological replicates were performed and each replicate was used 
twice for RNA extraction from each source of tissue. 
Gene-specific primers corresponding to each promoter were designed for qRT-
PCR using Primer3(v 0.4.0) and Beacon Designer (v 7.0 Premier Biosoft International, 
Palo Alto, Calif., U.S.A.) (Supplementary Table S3). Real-time PCR was conducted in a 
15 µl reaction volume containing, 7.5 µl of Power SYBR Green 2X Master Mix (Thermo 
Fisher Scientific, Woolston, Warrington, U.K.), 1 µl of cDNA (12.5 ng), 0.375 µl of each 
primer (10 µM) and 5.75 µl of H20. The real time PCR was carried out on a 
QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosystems). The results were 
analyzed using a standard curve method for relative expression normalized to two 
housekeeping genes: soybean ubiquitin gene (GmUBI3) (Lin et al. 2013) and soybean 
actin gene (Actin11) (Hu et al. 2009).  
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Statistical analyses  
A completely random experimental design was used for cell culture growth dynamics, 
protoplast isolation, PEG-transformation and relative promoter strength studies. All 
experiments except cell culture growth dynamics were conducted with six independent 
biological replicates and each independent replicate carried out twice. Cell culture 
growth dynamics experiments were done with three replicates, each replicate was used 
twice. Results were analyzed with ANOVA mixed models (SAS 9.4, Cary, N.C., U.S.A.) 
at p=0.05. Least significant differences (LSD) were used to determine significant 
differences among means when the ANOVA results were statistically significant 
(p < 0.05). Simple linear regression and correlation analyses were conducted using SAS 
9.4. For measuring relative expression of genes, each experiment was repeated three 
times with two technical replicates. qRT-PCR data were analyzed with a one-way 
ANOVA followed by LSD at p=0.05 using SAS 9.4. 
Results 
Maintenance of cell suspension cultures and growth determination 
The leaf-derived callus maintained in the dark was whitish, friable and non-embryogenic 
(Supplementary Fig. S1 A). In the presence of 0.92 µM 2,4-D, the callus could be 
maintained up to 8 mo without growth reduction on solidified media. The callus became 
green when exposed to white light (Supplementary Fig. S1 C). The cell suspension 
cultures derived from white callus was viable with no growth reduction up to 6 mo. After 
that, elongated cell clusters became apparent (Supplementary Fig. S2), which coincided 
with decreased cell proliferation. The culture was maintained by changing the media for 
the cells once a wk (Supplementary Fig. S3).  
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Phenotypically, the culture became more homogeneous and vigorous after 1 mo 
of establishment (Fig. 2E). Initially, introducing callus into the liquid medium led to small 
aggregated calli which settled on the bottom of the flask. After that, because of 
continuous shaking, the calli released very small cell aggregates into the medium, which 
remained suspended. Microscopically, the cultures consisted of two dominant cell types: 
round oval and elongated (Fig. 3). The round oval type cells tended to stay aggregated, 
whereas the elongated cells did not agglomerate (Supplementary Fig. S4). With the 
duration of culture, the proportion of round oval cells seemed to be a transition of cell 
elongation phenotype (Fig. 4).  
The present study resulted in the determination of the growth dynamics of the 
cell cultures based on fresh weight and turbidity. Data from these parameters were 
plotted in relation to time to construct a growth curve (Fig. 5A). There was little apparent 
variation of growth during first 2-d of cultures. Over time, the fresh weight and cell 
culture turbidity gradually increased. In 8-d, fresh weight and turbidity increased and 
eventually, after 8-d of culture there was negligible increase in cell growth. Visually, 
changes in cell concentration during culturing was shown on filter paper (Fig. 5B). 
During active proliferation, the cultures were subcultured weekly to prevent overgrowth.  
Efficiency of protoplast isolation from cell cultures, leaves, stems and immature 
cotyledons 
Isolation of protoplasts from cell cultures, stems and immature cotyledons was achieved 
using low-cost food-grade enzymes (Fig. 6). However, we found highest number of 2.82 
± 0.94×108 protoplasts per g fresh culture mass (Fig. 6A) while stems and immature 
cotyledons produced 9.8 ± 0.30×105 and 7.46 ± 0.65×106 protoplasts per g tissue, 
 25 
 
respectively (Fig. 6C). The yield of protoplasts from cell culture varied over time with 4-
d-old cultures resulting in the highest yield (Fig. 6A). In leaf tissue, the food-grade 
enzymes proved ineffective at digestion and did not yield viable protoplasts. However, 
using a previously developed method, 5.4 ± 0.47×107 protoplasts per g leaf tissue were 
obtained (Fig 6C) (Sun et al. 2015). The viability of protoplasts for all tissue sources was 
also determined. The maximum number of viable protoplasts was derived from 4-d-old 
cultures with 77 ± 7.10% (Fig. 6B). After 8 days of culture, the viability decreased 
sharply, thus 4-d-old cultures were used for further experimentation. The viability of 
protoplasts was also measured in stems, immature cotyledons and leaves and ranged 
from 75-80%. (Fig. 6C). 
The optimization of PEG incubation time on protoplast transformation efficiency 
To further utilize the isolated protoplasts for functional analysis of promoters, we 
optimized the PEG incubation time for protoplasts from all sources. The binary vector 
(pB2GW7: 9983 bp) carrying the reporter gene GFP variant mEmerald was used to 
study the effect of PEG incubation time on soybean protoplast transformation efficiency. 
To optimize the PEG incubation duration for the four different sources, we examined the 
effect of 10, 15, 20- and 25-min transfection time (Fig.7). Increasing transfection time 
from 10 min to 15 min resulted in an increase in transformation efficiency in leaf (12.94 
± 1.45%), stem (27.01 ± 3.2%) and immature cotyledons (14.06 ± 1.75%). When 
increased further from 15 min to 20 min, a decrease in transformation efficiency was 
observed (Fig.7). This suggests that 15 min was an optimum transfection time for 
protoplasts from leaf, stem and immature cotyledon to achieve maximum transformation 
efficiency. The transformation efficiency of LDSC-derived protoplasts reached at 
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maximum at 20 min with 31.06 ± 7.69% efficiency. After that increasing transfection 
time from 20 to 25 min resulted in a decrease in transformation efficiency (Fig.7).  
Assessment of promoter directed protoplast transient expression 
At 48 h after transfection, the ubiquitin promoter-directed expression in LDSC-derived 
protoplasts was very high, whereas expression was very low from promoters for tubulin, 
ribosomal protein and actin as assessed by microscopy (Supplementary Fig. S6 A-D). A 
moderate level of GFP expression was observed in protoplasts under the control of 
CaMV 35S, Hsp90 and GAL promoter (Supplementary Fig. S6 A-D). In protoplasts 
derived from all sources, the 35S reference promoter drove OFP expression (Fig. 8A-
D). Quantitative data was attained from the ratio of GFP:OFP fluorescence in which 
data represent relative promoter strength to the reference OFP. The ubiquitin:35S 
promoter ratio for GFP expression was 2.54:1.06 for cell culture, 2.11:1.04 for leaf, 2.31: 
0.99 for stem and 2.36:1.10 for immature cotyledon (Supplementary Table S4). These 
results suggested that ubiquitin promoter was twice as stronger as the 35S promoter. It 
was also apparent that the 35S, Hsp90 and GAL had similar promoter strength to drive 
GFP expression; for cell culture (1.05, 0.95 and 1.36), for leaf (1.04, 1.07 and 1.13), for 
stem (0.99, 0.74 and 0.78) and immature cotyledon (1.03, 1.06 and 1.07) (Fig. 8A-D). 
While tubulin, ribosomal protein and actin promoters had very low GFP ratio in cell 
culture (0.61, 0.52 and 0.68), in leaf (0.75, 0.71 and 0.75), in stem (0.52, 0.54 and 0.60) 
and in immature cotyledon (0.73, 0.71 and 0.78) (Supplementary Table S4). To predict 
the association of promoter strength between LDSCs and other sources protoplasts, 
correlation analysis and simple linear regression were performed. We found that the 
promoter strength of cell cultures was strongly related with leaf (y = 1.3982x - 0.397, R² 
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= 0.9802), stem (y = 1.055x + 0.1297, R² = 0.927) and immature cotyledon (y = 1.1507x 
- 0.2031, R² = 0.9182) (Fig. 8E-G). We also found correlation coefficient for leaf and 
LDSC is 0.99, for stem and LDSC is 0.96 and for immature cotyledon and LDSC is 0.96. 
Gene expression analysis of soybean tissues  
To test whether the promoter of interest driving endogenous gene expression provides 
a similar pattern, qRT-PCR was conducted in native tissues. In this study, we found the 
relative transcripts of ubiquitin was significantly higher than all other promoters/genes 
tested in each tissue source (Fig. 9A-D). There were no significant differences in 
relative transcript abundance except for ubiquitin in all tissues tested (Fig. 9A-D). We 
also determined the relative gene expression when Actin11 gene was used for 
normalization (Supplementary Table S5). The result showed significant gene expression 
differences; for cell culture and leaf (ubiquitin and Hsp90 expression was much stronger 
relative to other genes), for stem and immature cotyledon (ubiquitin, Hsp90 and tubulin 
expression was much stronger relative to other genes) (Supplementary Table S5). We 
also found that the LDSC expression was also highly correlated (correlation coefficient 
is 0.94) to endogenous promoter-gene expression in leaf tissues. 
Discussion  
Soybean is a worldwide economic important crop that has been the most widely planted 
of all genetically engineered crops (James 2015). Stable transformation remains 
genotype-dependent and slow (Parrott et al. 1989, Trick and Finer 1997). Therefore, 
genomic research and advanced molecular breeding of soybean should benefit from 
‘gene machine’ assays to better understand DNA function in key soybean tissues. 
Transient protoplast assays have proven to be efficient to determine initial estimates of 
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DNA function in numerous species, including Arabidopsis mesophyll protoplasts (Yoo et 
al. 2007), Populus mesophyll protoplasts (Guo et al. 2012), Phaseolus vulgaris 
protoplasts (Nanjareddy et al. 2016). However, mesophyll protoplasts in soybean have, 
to date, not been very effective for high-throughput studies leading to inconsistent 
results (Lin 1983, Franceschi et al. 1984, Wu and Hanzawa 2018).  
In this study, a reliable cell culture was developed for rapid determination of 
promoter functionality and validated against protoplasts isolated from various tissues. 
Numerous works find cell culture as a consistent and reliable source for high-throughput 
studies (Doelling and Pikaard 1993, Wang et al. 2015, Burris et al. 2016). Additionally, 
the selection of cell cultures at the proper growth stage is crucial to optimize protoplasts 
yield as well as transfection (Schenk and Hilderbrandt 1969, Uchimiya and Murashige 
1974). Arabidopsis and tobacco BY-2 suspension cells show highest protoplast yield 
during log phase cultures (Miao and Jiang 2007). In our study, the LDSCs achieved log 
phase growth from 3-7 d after subculture, followed by a stationary phase (Fig. 5A). 
Furthermore, transfection and survivorship seemed optimal 4-d after subculture (Fig. 6A 
and B). These results were similar to those found with maize and sugarcane cell 
cultures (Chourey and Zurawski 1981, Thorat et al. 2017).  
In addition, protoplast isolation from LDSCs required less expensive food-grade 
enzymes for digestion compared to leaves. Similar food-grade enzymes system was 
shown more effective and cheap than using reagent grade enzymes in tobacco and 
switchgrass (Buntru et al. 2014, Burris et al. 2016).  In our hands, even under the best 
conditions and after chloroform wax treatment, food-grade cell wall digesting enzymes 
were not effective in producing protoplasts from leaves. One possible explanation could 
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be that food-grade enzymes do not contain the specific Pectolyase Y-23 enzyme which 
is used so far to digest soybean leaf cell walls.  
For this study, six known soybean promoters were selected, fused to GFP and 
introduced into the protoplast system for the evaluation of promoter strength. The 
uniqueness of the current study demonstrated that cell culture-derived protoplast 
transgene assays does display similar expression to other soybean tissues regarding 
promoter activity.  Here we compared our promoters of interest with the CaMV35S 
promoter, which directs constitutive high level expression in plants (Odell et al. 1985). 
In this study, the fluorescence from GFP under the control of ubiquitin promoter 
exhibited a high constitutive expression in protoplasts from four different tissues and 
reflects the expression in the intact plant (Hernandez-Garcia et al. 2009). Quantitative 
data also revealed that the ubiquitin promoter driven GFP fluorescence was 2-2.5 fold 
stronger than the CaMV35S promoter in all tissues; which was also in agreement with 
previous studies (Chiera et al. 2007). LDSC-derived protoplasts had similar 
expression patterns to protoplast isolated from other tissue, especially leaves which 
indicates that cell cultures retain tissue specificity that originally derived from leaves. 
This finding is in line with Faraco et al. (2011) paper, which reported that the plant 
protoplasts are reliable, able to retain tissue specificity and reproduce the in planta 
situation. Therefore, cell culture might be a useful source to isolate and transform 
protoplasts from other tissues to provide rapid and convenient system. 
Here, we showed that the activity of the tubulin and ribosomal protein promoter 
directed GFP expression was rarely detectable in four different tissues. A quantitative 
comparison showed that tubulin and ribosomal protein strength was less than half 
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than the strength of the CaMV35S promoter. Gunadi et al. (2016) also find that the 
tubulin promoter driven GFP expression is lower than the CaMV35S promoter. 
Furthermore, the tubulin promoter associated native gene expression was profiled 
from RNA-seq data and referred to highly active at roots and flowers, but barely 
active in leaves, stems and seeds (Gunadi et al. 2016); which validates our lower 
expression findings. For ribosomal protein, in accordance with our findings, Zhang 
and Finer (2015) reported very low expression in several soybean tissues except root 
tip and root primordia. The possible explanations for such low expression could be 
that the ribosomal protein has multiple gene families, responsible for differential 
expression as found in Arabidopsis (Barakat et al. 2001) and these multiple gene 
families  expression pathways are tightly controlled during plant developmental 
stages (Byrne 2009).  
Given that the actin gene family has also large heterogeneity, developmental 
stages of plants and types of tissues had strong influence on the variation of gene 
expression (Hightower and Meagher 1985). In our study, the actin promoter displayed 
distinct expression on tissue types. We found actin promoter driven GFP expression 
less functional in leaves, cell cultures and stems but moderately functional in immature 
cotyledons, which was also in agreement with  Zhang and Finer (2015). In addition, the 
results from leaf-derived protoplasts was completely comparable with the cell-culture 
derived protoplasts. In this light, it is proven that our protoplast transient assay does 
retain tissue-specificity. 
Here, we also showed that the Hsp90 and GAL promoter driven GFP expression 
pattern was similar to the CaMV35S promoter. These promoters consistently conveyed 
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constitutive expression in cell cultures, leaves, stems and immature cotyledons. 
Previously, the Hsp90 promoter has been characterized in transgenic soybean cv. 
‘Jack’ plants with variable expression in different tissues including root, petiole, leaf-
midrib and young stem (Zhang and Finer 2015). It has been also reported that the 
activity of Hsp90 promoter is moderately constitutive in most plant organs (Wang et al. 
2004) but easily detectable in roots and flowers (Yabe et al. 1994, Zhang and Finer 
2015). In addition to that, the expression raises up by stress, heat, cold and light and 
dark transition (Krishna and Gloor 2001). In this study, protoplast extraction, 1-hr 
incubation on ice and PEG 4000 treatment during transfection might cause the induction 
of stress which could be a possible explanation for resulting protoplast expression 
without intended heat treatment. With the use of GAL promoter, leaf and cell culture-
derived protoplasts exhibited a better strength than stems and immature cotyledon-
derived protoplasts (Fig. 12). Conforte et al. (2017) shows that this promoter activity 
was strongly associated with the treatments including drought, salt and PEG. 
Interestingly, the protoplast experiments in our study showed GAL promoter driven GFP 
expression even without drought, salt and PEG treatments. We believe that the 
protoplasts received signal from the PEG treatment and directed to the expression as 
we used PEG 4000 for protoplast transfection. Furthermore, this study showed similarity 
of cell culture expression with three different soybean tissues regarding to the promoter 
activity. Therefore, our novel cell culture might be a useful alternative for rapid validation 
of heterogenous promoter function. 
To further compare the promoter directed GFP expression with the promoter 
associated native soybean gene expression, we also analyzed qRT-PCR transcript 
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abundance data. Promoter strength among tissues was similar for each promoter 
except that for the Hsp90 and tubulin gene. The expression of GFP and the ubiquitin 
gene under controlled by the ubiquitin promoter conferred high expression in native 
tissues and in the protoplast system. The ribosomal protein and actin promoter analysis 
using GFP fluorescence and qRT-PCR had very low expression.  As ubiquitin is 
strongly expressed in all tissues, other gene expression normalized to ubiquitin 
becomes low. Nevertheless, the qRT-PCR transcripts and protoplast transient assay 
suggest that the tissue-derived protoplast has tendency to maintain in-planta physiology 
and lead to similar gene expression controlled by the same promoters. Additionally, 
LDSCs provided some useful information on promoter strength, which was comparable 
to other soybean tissues and might be useful for fast, cost-effective and convenient 
validation tools for promoter screening. 
Conclusion 
The present study demonstrated the establishment of rapidly growing cell cultures for 
screening soybean promoter’s functionality. Previously, soybean protoplasts have not 
been used to gauge promoter directed reporter gene expression. Here, we report the 
promoter driven reporter gene expression in four different tissues-derived protoplasts 
and the qRT-PCR results of native tissues. We find that relative gene expression of the 
protoplasts is in line with qRT-PCR of the tissues. These results revealed that the cell 
culture provided convenient transient transformation alternative for other soybean 
tissues especially for leaves, which makes the system highly relevant for improving 
aboveground biomass traits.  
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Chapter 3 
Conclusions and recommendations 
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With the increasing amount of biological information from genome sequences, chances 
exist for functional analysis of those sequences using rapid transient assays. The 
prediction and validation of genome sequences of the soybean provide unprecedented 
access to the genome and lead to better understanding the gene expression and 
regulation mechanisms. As stable transformation of soybean is considered laborious 
and slow, a low-cost protoplast system can provide early prediction for speeding up the 
research. Here, we developed cell suspension culture from leaf-derived callus for rapid 
detection of promoter’s function. Promoters are primary regulators of gene expression 
and key controller for transgene in any organisms. The use of only few promoters lead 
to several limitations for transgenic plants. Obviously, the availability of several 
promoters expands the opportunity for tightly regulating the gene expression during 
plant developmental stages.  
The developed cell suspension culture is a novel source of tissue, convenient, 
reliable and fast for transient expression of soybean. This method includes protoplast 
isolation from cell suspension cultures and compare the outcome with the protoplasts of 
other soybean tissues. The cell cultures yield highest number and maximum 
transformation efficiency compared to other soybean tissues protoplast. In addition to 
reducing cost, food-grade enzymes were used for isolating cell culture protoplasts while 
lab-grade expensive enzymes required to isolate leaf protoplasts. Those above-
mentioned advantages of cell culture might be useful for high-throughput studies. In this 
study, the expression of fluorescent protein under the control of promoters were 
compared in four different tissues and resulted similar expression profiles in four 
different tissues with regard to promoter activity. Comparison of protoplast transient 
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assay and transcript abundance also revealed in agreement with expression profiles. 
This study also provides information about the cell cultures, which appeared to be highly 
relevant with leaves. 
We faced some limitations for our findings of the gene expression as we didn’t 
select tissue specific promoters. We believe, better quantitative relative expression of 
the genes could be found if we used tissue specific promoter. We could also select 
desirable tissue and promoter pairs (for example, ribosomal protein and root tip tissue 
pair) to find better promoter activity which will give us better predictions for promoter 
screening. 
Obviously, stable transformation can draw more realistic conclusion about the 
promoter functionality, but protoplast transient expression is predictable and rapid to 
elucidate the function. This method can be useful to screen native and synthetic 
promoters as well as putative gene function. The benefit of this method is rapidity and 
ease of generating protoplast using low-cost enzymes and transform the protoplast with 
high efficiency. These advantages are conducive for high-throughput promoter 
screening. 
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Figure 1. Vectors used in protoplast transformation experiments. (A) The test vector 
structure used an internal standard an orange fluorescent protein reporter CaMV 35S 
promoter::TagRFP-T cassette and the green fluorescent protein reporter test promoter:: 
mEmerald cassette. The line represents test promoters with promoter length (base 
pairs; bp) being indicated above each line. NosT; Nos terminator, (B) Positive control 
used identical CaMV 35S promoters driving both reporter genes and (C) Negative 
control vector contains a promoter less mEmerald cassette. All plasmids are binary 
vectors and harbor a kanamycin resistant gene for the bacterial selection. 
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Figure 2. Cell culture development from soybean leaves. (A) In vitro grown plants, (B) 3-
wk-old leaves were used for callus induction, (C) 3 wk. of incubation at 24⁰ C under 
white light induced callus production, (D) 4 wk of incubation at 25⁰ C in the dark 
proliferated callus and (E) Fine cell cultures were obtained from callus in 5 wk. 
 
 
 
Figure 3. Rearrange of cell shapes 4 d after subculture. (A) A clump of round and oval 
shape cells and (B) An elongated cell. 
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Figure 4. The proportion of elongated cells increases with time after subculture. (A) Day 
0, (B) Day 2, (C) Day 4, (D) Day 6, (E) Day 8 and (F) Day 10. 
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Figure 5. The effects of sub-culturing on cell culture growth. Fresh weight over time after 
sub culturing, a plate reader was used to measure optical density over time after sub-
culturing, error bars represent standard error (n=3). Same letters above error bar 
indicate no significant difference according to the ANOVA Fisher’s LSD test (p < 0.05). 
(B) Photograph of harvested cells on filter paper.  
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Figure 6. The effects of age and type of tissue on protoplast production and viability. (A) 
The age of cell culture after sub-culture on protoplast yield, (B) The effect of time after 
sub-culture on protoplasts viability and (C) Recovery of protoplasts/g and viability were 
affected by the source of tissue. Error bars represent standard error (n=6). Same letters 
above bars indicate no significant difference according to the ANOVA Fisher’s LSD test 
(p <0.05). 
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Figure 7. Optimization of soybean protoplast transformation efficiency by tissue 
sources, duration of incubation based on polyethylene glycol (PEG). (A) Cell culture, (B) 
Leaf, (C) Stem and (D) Immature cotyledon. Protoplasts were transformed with 10 µg of 
the plasmid (pB2GW7: 9983 bp) DNA. Error bars represent standard error (n=6). Same 
letters above bars indicate no significant difference according to the ANOVA Fisher’s 
LSD test (p < 0.05). 
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Figure 8. Quantitative measurement of promoter’s strength in different tissues-derived 
protoplasts and association analysis. Fluorescence was quantified 48 hrs. after 
transformation using Gen5 software. Note that the positive control vector includes 35S: 
OFP and 35S: GFP as a reference expression and promoter strength was determined 
by ratioed GFP fluorescence against OFP fluorescence. Positive control vector 35S: 
35S promoters were standardized to 1.0, which was used to normalize the strength of 
promoters of interest. The relative promoter’s strength was shown in soybean (A) Cell 
cultures, (B) Leaves, (C) Stems and (D) Immature cotyledons-derived protoplasts. Error 
bars represent standard error (n=6). Same letters above bars indicate no significant 
difference according to the ANOVA Fisher’s LSD test (p < 0.05). Linear regression 
analysis of relative promoter’s strength on (E) Leaf and cell culture-derived protoplasts, 
(F) Stem and cell culture-derived protoplasts and (G) Immature cotyledon and cell 
culture-derived protoplasts. 
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Figure 8. Continued 
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Figure 9. qRT-PCR transcript abundance of target promoter gene from left in soybean 
tissues. Transcription of various genes were estimated in (A) Cell cultures, (B) Leaves, 
(C) Stems and (D) Immature cotyledons. Error bars represent standard error (n=3). 
Same letters above bars indicate no significant difference according to the ANOVA 
Fisher’s LSD test (p < 0.05).  
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Supplementary Figure S 1. Changes in callus color after light exposure. (A) Callus was 
maintained in the dark at 25⁰ C, (B) Callus turned into pale-white to light-green color 
within 3 wk under white light and (C) Light-green callus was turned into green color 
within 3 more wk.  
 
 
 
Supplementary Figure S 2. Culture phenotype affects the cell proliferation. (A) Cell 
clusters were appeared in 6-mo-old of culture, which reduced active cell proliferation 
and (B) Apparently healthy and vigorous proliferation of cells 7 d after subculture. 
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Supplementary Figure S 3. Maintenance of soybean cell suspension culture. (A) 7-day-
old culture, (B) 5 mL cells of 7-day-old cultures were mixed with 45 mL fresh media for 
feeding the cells and (C) Cells were incubated at 28⁰ C in the dark on a rotary shaker at 
80 rpm. 
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Supplementary Figure S 4. Cell shapes influences the distribution pattern. (A) The 
round-oval cells were tended to clump together and (B) Elongated cells remained more 
widely distributed.  
 
 
 
Supplementary Figure S 5. Stages of tissue harvesting for protoplast isolation. (A) 5 mL 
PCV was collected from 4 d after subculture (B) 30-d-old immature cotyledons 
harvested from greenhouse grown plants, (C) 15-d-old stems grown in soil and 
harvested and (D) 17-d-old leaves grown in soil (10 d in light + 7 d in dark). 
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Supplementary Figure S 6. Transient expression in protoplasts. Bright-field images, 
OFP fluorescence, GFP fluorescence and merged of two fluorescence were shown for 
each tissue source. Fluorescence was monitored 48 hrs. after transformation under 
confocal microscopy. The expression was observed in (A) cell culture, (B) leaf, (C) stem 
and (D) immature cotyledon-derived protoplasts. The scale bar represents 100 µm and 
low-magnification (10X) image of protoplasts. 
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S6 A:          
Figure S6. Continued 
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S6 B: 
Figure S6. Continued 
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S6 C: 
Figure S6. Continued 
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S6 D: 
Figure S6. Continued 
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Supplementary Table S 1: Gene IDs for genes and the respective sizes of their isolated 
promoters. 
Promoter Size (bp) Gene ID 
Actin 1042  Glyma.19G147900  
Ribosomal protein 616  Glyma.09G094200  
Hsp90 831 Glyma.08G332900  
Ubiquitin 1416 Glyma.20G141600  
Tubulin 1513 Glyma.05G207500  
GAL 2000 Glyma.03G137900  
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Supplementary Table S 2: List of primer sequences used for PCR amplification 
F-forward primer, R-reverse primer. Restriction sites are underlined, and the appropriate 
restriction enzyme is indicated in parentheses. 
Promoter Primer sequence (5’ to 3’) 
CaMV 
35S 
F: ATACTTGAATTCTGAGACTTTTCAACAAAGGGTAATATCGGG 
(EcoRI) 
R: ATACTTCCATGGTCAGCGTGTCCTCTCCAAATGAAAT (NcoI) 
Actin F: CACCAAAGAATTCACTTTAACAGCAACACAATTTACAAT (EcoRI) 
R: GGACGTCCATGGGGTTGTTTAAGGTAAAAGATGTTTGT (NcoI) 
Ribosoma
l protein 
F: ATTACGGAATTCATCTACAAGTATAGGTTATTTGTCATGC (EcoRI) 
R: AATCGCCCATGGGGTTGAGGCACTGTTTCAA (NcoI) 
Hsp90 F: CGGAGGAATTCAAATAAATGGAAATCCACTCTAAAAAAA (EcoRI) 
R: AATCGCCCATGGTGTCGATCTACGCGAG (NcoI) 
Ubiquitin F: CACCTGGAATTCTCCTTAAGTTGCAGCATTTAACACATCTCCTC 
(EcoRI) 
R:TGCCATCCATGGTACCTGTCGAGTCAACAATCACAGATAAATCAG
AA (NcoI) 
Tubulin F: CACCTCCCTCGAGGCTGTATGAAATGATATAATATATTCACA 
(AbsI) 
R: CACCTCCCATGGTTTGAAGATAATTCAATTCAACT (NcoI) 
GAL F: CACCTCTTAATTAATAGTTATTTGACTGGATTC (PacI) 
R: CACCTCCCATGGTTTCGAACACTTCACCACTG (NcoI) 
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Supplementary Table S 3: List of primer sequences used for qRT-PCR amplification 
F-forward primer and R-reverse primer, Ref-reference gene. 
 
 
Gene Primer sequence (5’ to 3’) 
GmUBI3 (Ref) F: GTGTAATGTTGGATGTGTTCCC 
R: ACACAATTGAGTTCAACACAAACCG 
Actin11 (Ref) F: ATCTTGACTGAGCGTGGTTATTCC 
R: GCTGGTCCTGGCTGTCTCC 
Actin F: GGCACCTCTTAATCCTAA 
R: ATAGCGACATACATAGCA 
Ribosomal protein F: AAGGACCATTATTGTAAGGA 
R: ATTGAACCTCACTGTCTTCG 
Hsp90 F: GAAGCCCATTTGGATGAGAA 
R: GATAAAGACACGGCGGACAT 
Ubiquitin F: ACTTGGTGTTGCGTCTTCGT 
R: GCTTGCCAGCAAAAATCAG 
Tubulin F: CAACCAAATTGGAGGCAAGT 
R: AAGGACCAGAACGCAAGCTA 
GAL F: AAGGGGTCTTGTGACTGGTG 
R: TCCCACAAGTTCCCATTCTC 
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Supplementary Table S 4: Relative promoter strength in soybean tissue-derived protoplasts.  
Comparison were made using mean of test promoter driving GFP expression which was normalized to 35S promoter 
driving OFP expression. SD-standard deviation. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Promoter Cell culture Leaf Stem Immature cotyledon 
Mean SD Mean SD Mean SD Mean SD 
Ubiquitin 2.54 0.71 2.11 0.25 2.31 0.24 2.36 0.35 
Tubulin 0.61 0.18 0.75 0.07 0.52 0.11 0.73 0.21 
Hsp90 0.95 0.33 1.07 0.19 0.74 0.22 1.06 0.15 
Ribosomal 
protein 
0.52 0.16 0.71 0.07 0.54 0.11 0.71 0.16 
GAL 1.36 1.14 1.13 0.10 0.78 0.09 1.07 0.03 
Actin 0.69 0.19 0.75 0.02 0.60 0.19 1.06 0.29 
CaMV 35S 1.06 0.09 1.04 0.04 0.99 0.009 1.10 0.09 
 66 
 
Supplementary Table S 5: Relative expression of endogenous gene in soybean tissues.  
Comparison were made using mean of gene expression which was normalized to Actin 11 gene expression. Same 
superscript letters above mean value indicate no significant difference according to the ANOVA Fisher’s LSD test (p < 
0.05). SD-standard deviation. 
 
 
 
 
Gene Cell culture Leaf Stem Immature cotyledon 
Mean SD Mean SD Mean SD Mean SD 
Ubiquitin 2.07 a 0.16 7.85 a 0.57 6.63 a 0.27 5.34 a 0.64 
Tubulin 0.000023 d 0.00004 0.38 bc 0.04 1.39 b 0.23 0.07 c 0.01 
Hsp90 0.98 b 0.11 0.51 b 0.02 0.31 c 0.03 1.42 b 0.10 
Ribosomal 
protein 
0.006 cd 0.0007 0.008 c 0.002 0.006 cd 0.001 0.02 c 0.006 
GAL 0.04 cd 0.006 0.005 c 0.0005 0.09 cd 0.12 0.006 c 0.0007 
Actin 0.14 cd 0.03 0.12 bc 0.005 0.06 cd 0.005 0.05 c 0.03 
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